The observation of heterogeneous protein folding kinetics has been widely interpreted in terms of multiple independent unrelated pathways (IUP model), both experimentally and in theoretical calculations. However, direct structural information on folding intermediates and their properties now indicates that all of a protein population folds through essentially the same stepwise pathway, determined by cooperative native-like foldon units and the way that the foldons fit together in the native protein. It is essential to decide between these fundamentally different folding mechanisms. This article shows, contrary to previous supposition, that the heterogeneous folding kinetics observed for the staphylococcal nuclease protein (SNase) does not require alternative parallel pathways. SNase folding kinetics can be fit equally well by a single predetermined pathway that allows for optional misfolding errors, which are known to occur ubiquitously in protein folding. Structural, kinetic, and thermodynamic information for the folding intermediates and pathways of many proteins is consistent with the predetermined pathway-optional error (PPOE) model but contrary to the properties implied in IUP models.
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foldons ͉ PPOE model ͉ staphylococcal nuclease T hat proteins might fold by way of some predetermined pathway was first suggested by C. Levinthal (1) , who reasoned that folding through a random search process would take far longer than the subsecond time scale often observed. Experimental work driven by this concept found evidence for distinct pathway intermediates (2) . However, theoretical work showed that the energetically downhill nature of the conformational search might by itself be sufficient to drive random folding on a realistic time scale (3) . No specific pathway would then be necessary. This scenario has been formalized in the funneled energy landscape view for protein folding (4) (5) (6) (7) (8) . Following this precedent, experimental results for a number of proteins have been similarly interpreted in terms of multiple unrelated parallel pathways (9) (10) (11) (12) (13) (14) (15) (16) . The critical observation is that protein folding can be kinetically heterogeneous. Different fractions of a folding population fold at different rates and exhibit different populated intermediates, suggesting alternative pathways. This view is often represented in terms of multiple tracks through the funneled energy landscape. We refer to this view as the independent unrelated pathways (IUP) model to emphasize that intermediate structures in the different tracks have no particular relationship.
A much more determinate pathway is supported by structural information derived experimentally for folding intermediates in many proteins (17) (18) (19) (20) . This information indicates that protein folding intermediates are definitively native-like, constructed from cooperative foldon units of the target native protein. It appears that native-like foldon units are formed and docked into place one after another in a stepwise sequence, each one guided and stabilized by prior complementary structure just as the foldon units fit together in the native protein. These two principles-the cooperativity of the structural elements that compose protein molecules and the energetically favorable association of complementary structures-are well recognized in many other molecular processes. Acting together, they can cause all of the molecules in a refolding population to fold through essentially the same predetermined pathway.
However, one often finds that different population fractions of a given protein can fold with different kinetics (9) (10) (11) (12) (13) (14) (15) (16) . To account for heterogeneous kinetic folding, it is necessary to modify the predetermined pathway model to recognize the ubiquity of optional misfolding errors. The resulting predetermined pathway-optional error (PPOE) model (21) attributes heterogeneous folding to chance misfolding errors within a given pathway rather than to multiple alternative pathways. In this view, two-state folding occurs when the misfolding probability is zero, as is often observed for small proteins. Three-state folding dominates when the misfolding probability at some pathway point is large. More generally, heterogeneous folding occurs because error formation is probabilistic rather than intrinsic to the folding process. Different fractions of the refolding population can commit different errors and therefore block at different pathway points, populate different corrupted intermediates, and reach the native state at different rates (21) . This behavior gives the appearance of different pathways even though all of the population moves through the same productive onpathway intermediates.
This article considers the heterogeneous folding behavior of the well studied staphylococcal nuclease (SNase) protein, which has been thought to require more than one independent pathway (12). We repeated the kinetic studies that led to the IUP model for SNase and compared the ability of the IUP and PPOE models to explain the folding kinetics observed. The results show that both models are able to fit kinetic folding behavior equally well. This capability is general (21) . Thus, unlike previous supposition, the observation of kinetic heterogeneity allows but does not require an IUP model. This result raises a more fundamental issue. The two different models project fundamentally different mechanisms for the protein folding process. It is essential to decide between them. Kinetic behavior alone is unable to make this important distinction. It is necessary to compare the properties of intermediates and pathways implied by the different models with structural and mechanistic information and not just kinetic behavior. We discuss available information in this light. relative amplitudes at low denaturant of 55% faster phase to 40% slower phase. As denaturant concentration is increased the two major phases tend to merge. At near zero denaturant a lag phase in native-state formation is also measured.
No very slow proline-dependent phase is seen because a crucial proline has been removed in the mutant SNase used here (P117G/H124L). A minor very slow folding phase (Ϸ6% amplitude), on the time scale of seconds at low denaturant, attributed to cis-trans isomers of nonprolyl residues (12, 22) , was ignored in subsequent model fitting.
Unfolding is simpler. The removal of Pro-117, which exists in slowly interconverting cis and trans conformers in wild-type SNase makes unfolding kinetics monoexponential (23) . However, the chevron unfolding arm (d(log k)/d [GdmCl] ) is not linear. It curves continually to slower rates. Fig. 1A Inset includes the unfolding rate measured at zero denaturant by kinetic native-state hydrogen exchange (24) . The curvature is due to the changing dominance of a succession of on-pathway barriers, indicating the presence of several on-pathway intermediates.
Fig . 1B shows a kinetic folding trace starting with the protein fully unfolded at pH 2 (shown by CD) and then jumping to higher pH to initiate refolding at zero denaturant. A burst phase increase in fluorescence (not shown), initially attributed to the formation of a fast burst phase intermediate, is an artifact due to fluorescence quenching at the acid unfolding pH (25, 26) . The refolding kinetics at zero denaturant shows an initial lag phase to which standard multiexponential fitting assigns a negative amplitude (Ϫ5%). The lag phase signals the transient accumulation of an obligatory blocked intermediate before the ratelimiting step. The lag phase rate increases from 45 s Ϫ1 at pH 5.3 to 200 s Ϫ1 at pH 8.5. These results agree closely with published data as noted in Table 1 (12, 26, 27) .
The Independent Unrelated Pathways (IUP) Model. Kamagata et al. (12) used direct and interrupted folding experiments to show that the fluorescence changes observed in SNase folding directly measure acquisition of the native state. This occurs because the populated kinetic intermediates of SNase have fluorescence that is identical to the unfolded state, and the C-terminal segment that harbors the lone SNase tryptophan, Trp-140, is the last to fold (24) .
In a conventional pathway (U to I to N), the native state is reached in a single kinetic phase rate-limited by the slowest pathway step, with the possible addition of a kinetic lag phase (negative amplitude). However, SNase reaches the native state in three kinetic phases (lag phase plus two major phases; Fig. 1 ). Kinetic principles dictate that the three kinetic phases require the significant population of four states, namely U, N, and two (Inset) Unfolding rate at zero denaturant measured by kinetic native-state hydrogen exchange (24) . (B) Kinetic folding data for native-state formation at zero denaturant, shown at the earliest folding times to exhibit the lag phase. The dashed curve is the two-exponential fit. The plot of residuals shows the reality of the lag phase, which is confirmed by similar results at other conditions and in other laboratories (see Table 1 ). (27) . ‡ Unfold at pH 2.0, measure folding at pH 6.0, 20°C, 0.1 M sodium cacodylate, 2 mM EGTA (12) . ''%'' denotes relative amplitudes. § Unfold at pH 2.0, measure folding at pH 5.2, 15°C, 0.1 M sodium acetate (26 intermediates. The two positive amplitude phases indicate two different rate-limiting steps for reaching N. These considerations led Kamagata et al. (12) to write the minimal reaction in Scheme 1 thought necessary to explain the SNase kinetic folding data (IUP model). A global fit of Scheme 1 to the kinetic data is shown in Fig. 2 A-C.
Scheme 1 and other IUP reaction schemes in general are written to symbolize that different population fractions flow through different intermediates in different pathways. An inherent assumption is that the specified intermediates (I i ) will accumulate and will go forward at different rates.
The Predetermined Pathway-Optional Error (PPOE) model. Contrary to the conventional assumption, heterogeneous folding does not require that proteins fold through independent parallel pathways. A single pathway that is traversed by all of the protein molecules in common will produce heterogeneous folding behavior if different population fractions can optionally experience different blocking errors. The general PPOE model is given by Krishna and Englander (21) . A simplified ''double T'' version can be written as in Scheme 2.
PPOE models picture that the entire refolding population moves through the same obligatory productive on-pathway intermediates (I i ). A chance misfolding error can occur at any step to produce I i X . The probability for any given error, and therefore the fractional population that will experience it, is determined by the misfolding rate constant (I i to I i X ) divided by the sum of the three rate constants away from I i . If the return error-repair rate (I i X to I i ) is slow, then I i X will accumulate and that population fraction will exhibit slowed folding. Fig. 2 D-F shows a global fit to the SNase kinetic data by an even more minimal PPOE model called the Plus model. The Plus model has one productive intermediate and two misfolded variants. It is kinetically equivalent to the reaction in Scheme 2 because, as the fitting of Scheme 2 to the data in Fig. 2 shows, I 1 and I 2 do not kinetically accumulate. Thus, the two ratelimiting phases are independent of the I 1 -to-I 2 forward and reverse rates.
The PPOE and IUP models both fit the data equally well, albeit imperfectly, with the same number of fitting constants. For more perfect fitting, some more complex reaction scheme would be required for either model. The important result of this exercise is that, contrary to previous supposition, heterogeneous folding does not require multiple independent pathways. A single predetermined pathway with optional errors fits the data just as well.
Discussion
This article starts by asking whether the experimental observation of kinetically heterogeneous folding in the SNase protein requires multiple parallel pathways. It does not. Fig. 1 ), measured data for native-state acquisition at zero denaturant, and reaction schemes for the two different models with best global fit parameters (denaturant-dependent m values in parentheses). The curves drawn are the curves predicted by the best fit parameters for the denaturant-dependent chevron and for the time-dependent populations (zero denaturant) of the unfolded and native states and the two intermediates that significantly populate in the different models. A minor folding phase (amplitude Ϸ6%) on the 1-sec time scale (see Fig. 1A ) was ignored. Earlier work showed that a predetermined pathway model with optional errors can account for the heterogeneous folding behavior of cytochrome c (17) . Recent progress shows that the multiple kinetic folding phases and intermediates of ␣-tryptophan synthase previously attributed to four independent folding tracks are in fact due to optional proline misisomerization errors within a single pathway (28) . Extensive kinetic folding and unfolding results for hen egg lysozyme, thought to require independent parallel pathways, were found to be explained at least as well by a PPOE model (21) . The present article demonstrates that the heterogeneous folding of SNase, previously thought to require alternative parallel pathways, can be explained equally well by a PPOE model. These results and additional considerations (21) show that both the multipathway IUP model and the predetermined pathway model with optional errors will be able to fit any kinetic folding behavior whether folding is heterogeneous or not.
The different models propose wholly different views of the fundamental nature of folding intermediates and folding mechanisms. Does folding proceed by an unguided search through multiple unpredictable routes driven only by the downhill nature of the energy landscape, or does it proceed through rather strictly defined intermediates and pathways predetermined by nativelike structure and interactions encoded in the protein's amino acid sequence? To distinguish which model more correctly describes real protein folding behavior, it will be necessary to go past mere kinetic fitting. Fortunately, a quantity of detailed structural and mechanistic information is now available.
Determinants of IUP Models. Theoretical investigations generally find that folding is directed by no particular guiding principles other than its energetically downhill nature. Heterogeneous folding occurs because different molecules, although they are identical, fold through different intermediates in alternative pathways that have no necessary relationship. When written to explain experimental results (e.g., Scheme 1), formal IUP models can be seen to assume that stable intermediates are absent in two-state folding, that three-state folding occurs because stable intermediates that do occur are naturally slow, and that heterogeneous folding occurs because different population fractions fold through different pathways.
The ability to measure the structure and properties of protein folding intermediates has made available a great deal of information against which folding models can be compared. Thermodynamic principle requires that proteins repeatedly unfold and refold even under native conditions, revisiting their normal folding intermediates and recapitulating their normal folding process. All or parts of this process have been observed by site-resolved hydrogen exchange (19, (29) (30) (31) (32) (33) (34) (35) , by a related thiol reactivity method (36) , by NMR relaxation dispersion (37) (38) (39) , and by theoretical analysis (40) . Stable on-pathway intermediates built from cooperative foldon elements of the native protein are seen even under two-state folding conditions. This has been shown for Cyt c (41), triose phosphate isomerase (36) , RNase H (19), OspA (33) , and apoCyt b 562 (30, 32) . Furthermore, detailed pathway information indicates that native-like foldon units are systematically put into place in well defined sequential pathways much as they fit together in the target native protein (19, 30, 36, (41) (42) (43) (44) (45) (46) (47) (48) .
These observations are contrary to IUP models. Stable intermediates (relative to U) are not generally absent in two-state folding. Three-state folding is not produced simply by the presence of stable intermediates. They are not intrinsically slow. Folding can be kinetically heterogeneous, but it appears that all of the population folds through the same sequence of structured intermediates.
Determinants of PPOE Models. The PPOE model projects a nearly opposite view, which does match experimental information. No matter whether kinetic folding appears to be two-state, threestate, or heterogeneous, all of the population runs through essentially the same productive, on-pathway, native-like intermediates, constructed from a small number of foldon building blocks that are intrinsic to the target native protein.
In two-state folding, intermediates are kinetically invisible, but not because they are absent or unstable. In real cases as just noted and in the PPOE model, on-pathway intermediates are present and may be stable (native-like foldons). They tend to go forward efficiently because preexisting native-like structure guides and stabilizes the formation and docking of incoming complementary native-like structure (sequential stabilization). A small guided search is naturally far faster than the initial whole molecule unguided search for the nucleating native-like topology, whether intermediates are more stable than U or not. Thus, kinetic folding might be expected to be intrinsically two-state, rate-limited by the initial whole molecule search barrier (49) (50) (51) (52) .
However, proteins often fold with three-state kinetics. In the PPOE model, three-state folding is due to the chance occurrence of some slowly repaired misfolding error. This slows folding and causes the transient accumulation of the corrupted intermediate (I i X in Scheme 2). In fact, intermediate forms that accumulate in multistate folding have been widely found to incorporate some misfolding error [Cyt c (53, 54) , RNase H (19), apoMb (43, 55) , apoCyt b 562 (30), Im7 (56), ␣-tryptophan synthase (28), OspA (33)], even though the misfold-containing intermediates have essentially the same native-like foldon structure as their parent on-pathway intermediates.
In the PPOE model, heterogeneous folding arises because misfolding is probabilistic. Different population fractions can experience different misfolding errors, or none at all. Any given error can slow the further folding of that particular corrupted intermediate and that particular population fraction. The ubiquity, high probability, and optional nature of misfolding errors in protein folding are thoroughly documented (prolyl and nonprolyl peptide bond misisomerization, transient aggregation, nonnative hydrophobic clustering, disulfide shuffling, heme misligation, and alternative domain docking modes). Where adequate data are available for testing, as for SNase here and hen egg lysozyme before (21) , analysis shows that heterogeneous kinetic folding can be quantitatively accounted for by a predetermined pathway model together with the probabilistic occurrence of misfolding errors.
The Principles of Protein Folding. The variety of protein folding behavior can seem to represent an incoherent collection of bewildering complexity. As organized in the PPOE model, observed behavior can be seen to flow from three basic principles. Folding intermediates are constructed by the association of intrinsically cooperative foldon units of the target native protein.
Their formation and docking are driven by a sequential stabilization process in which prior native-like structure acts as a template that guides and stabilizes the formation of incoming native-like foldons with complementary structure. During kinetic folding any intermediate can become corrupted and taken off the main pathway by some slowly repaired optional misfolding error.
Each of these three motivating principles is well recognized in many other molecular contexts. One has long understood that secondary structural elements tend to act as cooperative folding units (57, 58) . When built into three-dimensional proteins, their cooperative unit behavior may well be modified, but it seems unlikely that the cooperative property will be lost. Experiment shows that measured foldon units do mimic elements of the native protein. Thus, it may be expected that the unit of protein folding is not the individual amino acid but rather intrinsically cooperative structural units.
Once some native-like intermediate structure is in place, it will naturally tend to act as a template that can guide and stabilize the formation of subsequent native-like complementary structure. It is obvious that complementary structures are mutually stabilizing (59, 60) . Folding by sequential stabilization is simply an intramolecular version of analogous observations in bimolecular interactions, for example the folding of intrinsically disordered peptides upon encounter with their target proteins (61), domain swapping (62) , and amyloid growth reactions.
These two principles, the cooperativity of native-like foldon units and their sequential stabilization by previously formed complementary structure, can be expected to generate a well defined, stepwise, sequential, native-like, kinetically two-state pathway. However, the often observed heterogeneity of protein folding points to a third factor. Protein folding is difficult (1), and errors in the protein folding process are ubiquitous. As shown here and before (21) , the optional nature of misfolding errors will populate alternative intermediates and produce kinetic heterogeneity.
Conclusions
Results and analysis shown here and previously demonstrate that experimentally observed protein folding kinetics do not require multiple independent pathways. Folding kinetics, whether twostate, three-state, or heterogeneous, can be quite generally accounted for by the PPOE model. Furthermore, the properties of intermediates, barriers, and pathways, experimentally determined for many proteins, contradict the properties expected for IUP models but are intrinsic to the PPOE model. These considerations consistently support the view that the folding process sequentially forms and assembles foldon units of the target native protein in a predetermined pathway sequence that is governed by native-like foldon-foldon interactions but is subject to chance misfolding errors. Strong support comes also from the fact that this folding behavior can be seen to stem from three well recognized principles: the cooperativity of structural elements (foldon units), the mutual stabilization of complementary structures (sequential stabilization), and the tendency of folding proteins to commit misfolding errors.
Materials and Methods
Protein Preparation. The plasmid pTSN2cc containing the SNase gene with two stabilizing mutations, P117G/H124L (provided by John L. Markley, University of Wisconsin, Madison), was transformed into E. coli BL21(DE3)/pLysS cells. SNase was expressed and purified according to Royer et al. (63) with some modifications.
Folding and Unfolding. Kinetic folding and unfolding were measured by stopped-flow fluorescence (50 mM Tris at pH 8.0; BioLogic Science Instruments SFM-400). The change in fluorescence directly measures native-state acquisition because the fluorescence of intermediates is identical to that of the initial unfolded state (12) . Multiexponential fitting of the time course of native-state formation yielded the several kinetic folding phases shown in the figures.
The refolding of SNase initially unfolded in 4 M GdmCl was measured at various final GdmCl concentrations, with final protein concentration of 20 M. For folding in zero denaturant, SNase initially unfolded at pH 2 was mixed into pH 8.5, 50 mM CHES buffer (2-[N-cyclohexylamino]ethanesulfonic acid). Experiments were done in 0.1 M NaCl at 20°C.
Unfolding measured at various concentrations of GdmCl was monoexponential.
Model-Dependent Data Fitting. Folding and unfolding data for SNase were fit to the kinetic schemes in Fig. 2 , according to the procedure described in ref. 21 . Each microscopic rate constant kij, connecting species i and j, was assumed to depend on denaturant concentration D according to the usual relationship,
where k ij 0 is the rate at zero denaturant concentration and mij is the slope of the dependence on denaturant (D) of the term RT ln k ij.
Because the measured fluorescence intensity is only from the native state (see above), the native-state population was calculated from the measured kinetics by using the relationship
where Ft, Fϱ, and F0 are the measured fluorescence intensities at time t, at the end, and at the zero time along the kinetic reaction. Fig. 2B shows the native population with time and was used in data fitting. Goodness of the chevron and kinetic fit was judged by using the global reduced 2 parameter defined as described in ref. 21 .
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